Journal of Cell Science 2280 activation (Lanzavecchia, 1985; Rock et al., 1984) . Subsequently activated B cells can develop into plasma cells that are competent for large-scale production of soluble antibodies, or memory cells that provide long-lasting immunological memory.
Introduction
Integrins are a widely expressed and diverse family of heterodimeric cell-surface receptors that comprise an α-subunit and a β-subunit, and are responsible for mediating cell-cell or cell-matrix adhesion (reviewed in Hynes, 1992) . Two of the major integrins that are expressed on the surface of B cells are integrin αL (ITGAL; also known as leukocyte-function-associated antigen 1 and hereafter referred to as LFA-1) and very late antigen 4 (VLA-4; also known as integrin α4, ITA4) (reviewed by Springer, 1990) . The principal ligands for these integrinsintercellular adhesion molecule 1 (ICAM1) for LFA-1, and vascularcell adhesion molecule 1 (VCAM1) and fibronectin for VLA-4 -are expressed on a large variety of cell surfaces, including endothelial cells, leukocytes, follicular dendritic cells and dendritic cells.
When expressed on the surface of resting lymphocytes, integrins are found as monomers in a bent, inactive conformation (Takagi et al., 2002; Xiong et al., 2001) . In response to a number of physiological stimuli, integrins become activated through the modulation of their conformation and/or distribution on the cell surface, leaving them competent for mediating high-affinity adhesion (Alon and Dustin, 2007; Bazzoni and Hemler, 1998; Carman and Springer, 2003; Dustin and Springer, 1989; Luo et al., 2007) . This activation of integrins can occur either through the binding of ligand directly to the extracellular domains of the integrin ('outside-in' activation) or as a result of chemokine receptor or immunoreceptor engagement, leading to 'inside-out' activation (Dustin and Springer, 1989; Kim et al., 2003) . It is this responsiveness of integrins to external stimuli that equips them to perform two predominant functions in B cells. The first is in directing B-cell migration in response to stimulation with chemokines during the development of the immune response. Indeed, it has been shown that LFA-1 has an important role in B-cell migration to peripheral lymph nodes (Berlin-Rufenach et al., 1999), and that both integrin activation and the CXC-chemokine receptor CXCR5 influence the migration of B cells between the marginal zones and follicles of splenic tissues (Cinamon et al., 2007; Lo et al., 2003; Lu and Cyster, 2002) . The second key function of integrins in B cells is in mediating adhesion to antigen-presenting cells (APCs) during the antigen-recognition process and, thereby, lowering the threshold of antigen that is required for the activation of B cells (Carrasco and Batista, 2006b; Carrasco et al., 2004) .
Although B cells can recognise antigens in a number of different forms, recent evidence points to a major role for the recognition of membrane-bound antigens during the development of an immune response (Carrasco and Batista, 2006a) . Indeed, it has been demonstrated that membrane-bound antigen can be presented to B cells in vivo on the surface of follicular dendritic cells (Szakal et al., 1988; Wu et al., 1996) , dendritic cells (Balázs et al., 2002; Wykes et al., 1998) and macrophages (Carrasco and Batista, 2007; Junt et al., 2007; Phan et al., 2007) . We have observed that, upon initial contact with APCs, B cells rapidly undergo a spreading and contraction response along the antigen-containing surface (Fleire et al., 2006) . In addition, following engagement of the B-cell receptor (BCR) with membrane-bound antigens, a dramatic reorganisation of the cell membrane occurs, resulting in the formation of an immunological synapse (IS) (Batista et al., 2001) (Fig. 1A) . The IS allows the spatial segregation of antigen and BCR in a central supramolecular activation cluster (cSMAC) from a surrounding ring of LFA-1 in a peripheral SMAC (pSMAC) (Carrasco et al., 2004) . The spreading and contraction process is absolutely dependent both on signalling through the BCR and rearrangements of the actin cytoskeleton. This process functions to increase the amount of antigen that is aggregated into the cSMAC and, thereby, accumulated by the B cell. Accumulated antigens can be extracted from the cSMAC and subsequently presented to helper T cells (Batista et al., 2001; Fleire et al., 2006) (Lanzavecchia, 1985; Rock et al., 1984) . Subsequently activated B cells can develop into plasma cells that are competent for large-scale production of soluble antibodies, or memory cells that provide long-lasting immunological memory.
In this Commentary we highlight recent investigations of the mechanism underlying inside-out integrin activation in response to antigen stimulation through the BCR. Intriguingly, we observe a number of important differences in the mechanism that underlies inside-out activation according to the particular integrin activated and the cellular context of integrin expression. We discuss recent evidence that identifies key signalling molecules that govern the activity and distribution of LFA-1 and VLA-4 following engagement of the BCR. Finally, we propose a mechanism whereby these regulatory molecules mediate the cytoskeleton rearrangements that are required for the integrin activation and subsequent IS formation that occur during the antigen-recognition process.
Antigen-induced BCR signalling
The BCR can be described as a receptor tyrosine kinase, and its stimulation by a specific antigen results in the proliferation and differentiation of B cells. The BCR comprises a membrane immunoglobulin (Ig) in complex with the heterodimeric Igα-Igβ sheath (Fig. 1B) , which allows its stable expression in the membrane (Reth, 1989; Venkitaraman et al., 1991) . The constituents of the BCR act in concert to couple the recognition of extracellular antigens with the initiation of intracellular signalling through the immunoreceptor tyrosine-based activation motifs (ITAMs) of the Igα-Igβ sheath (Hombach et al., 1990; Reth, 1989) . These activated ITAMs subsequently act as recruitment sites for the assembly of a complex array of intracellular adaptors and signalling molecules in a structure known as the signalosome (DeFranco, 2001; Fruman et al., 2000) . The precise composition of a signalosome is dictated by the nature and context of the antigenic stimulant, and determines the outcome of signalling through the BCR (Depoil et al., 2008; Weber et al., 2008) . In the specific case of inside-out activation of integrins it would be expected that this outcome involves the direct targeting of the cytoplasmic domains of the integrin itself, in addition to the extensive reorganisation of the cytoskeleton that is necessary for the recognition of antigens that are presented on a spatially constrained surface.
The mechanism of inside-out activation of integrins has been investigated extensively in T cells (reviewed in Kinashi, 2005) . The Journal of Cell Science 121 (14) insight gained from this research has provided a foundation for similar studies in B cells. Although the number of these studies is currently very limited they have yielded useful information and have identified a number of important differences in the process of integrin activation in lymphocytes. In the following sections, we describe the current understanding of the molecular mechanism that underlies the inside-out activation of two of the major B-cell integrins, LFA-1 and VLA-4, and use these as a basis to propose a cellular mechanism by which the inside-out activation of integrins functions during the process of B-cell activation. In addition we discuss several differences that have been identified in the process of inside-out integrin activation in B and T cells.
Inside-out activation of LFA-1
A role for the interaction between LFA-1 and ICAM1 in mediating the adhesion of B cells and follicular dendritic cells was identified through the analysis of the binding of isolated follicular dendritic cells and B cells derived from human tonsils (Koopman et al., 1991) . It has been proposed that the presentation of antigens on the surface of follicular dendritic cells within germinal centres has a key role during the affinity-maturation process in the selection of B cells that can produce high-affinity antibodies (MacLennan, 1994; Szakal et al., 1988) . Interestingly, it has also been noted that the interaction between LFA-1 and ICAM1 prevents the apoptosis of follicular B cells (Koopman et al., 1994) , thus suggesting a mechanism whereby the strength of adhesion provides a criterion for B-cell selection. B cells are required to respond to a far wider range of antigen affinities than other lymphocytes, and this is particularly important in the initial encounter of limited amounts of low-affinity antigens. It has been found that LFA-1 has an important role in promoting the adhesion of B cells under conditions of limited amounts of antigen, such that more antigen can be gathered into the cSMAC and thereby enhance B-cell activation (Carrasco et al., 2004) . This study also demonstrated that, on formation of the IS, LFA-1 distribution is extensively coordinated and is segregated into the pSMAC.
We recently investigated the molecular mechanism that underlies the antigen-induced cytoskeleton reorganisation and subsequent activation of LFA-1-mediated B-cell adhesion, and found that the process of inside-out activation of LFA-1 required the activation of Src-family kinases and phosphoinositide 3-kinase (PI3K) (Arana et al., 2008) (Fig. 1A) . In addition, LFA-1-mediated B-cell adhesion also requires the guanine-nucleotide-exchange factors (GEFs) Vav1 and Vav2, which have previously been observed to be essential for B-cell development (Doody et al., 2001; Tarakhovsky et al., 1995) . Through their GEF activity, Vav1 and Vav2 activate RhoGTPases, such as Rho, Rac and Cdc42, molecules that are implicated in the regulation of cytoskeleton reorganisation (Jaffe and Hall, 2005) . Surprisingly, we found that Rac2, but not the highly homologous Rac1, is necessary for the activation of LFA-1-mediated B-cell adhesion (Arana et al., 2008) . Different roles for the Rac isoforms have not previously been observed in the regulation of integrin activation in lymphocytes, although distinct roles for Rac1 and Rac2 have been identified in macrophages (Pradip et al., 2003; Wheeler et al., 2006) . This differential functioning of the Rac isoforms might be dependent on their distinct subcellular localisation and, in this regard, it has been shown that the C-terminal motifs of Rac2 are sufficient to determine its cellular location and associated function (Filippi et al., 2004) . Indeed, we observed that the amount of activated Rac2 did not increase more than three times following BCR stimulation, suggesting that the spatial redistribution rather than a dramatic increase in the amount of activated protein is important in mediating its function (Arana et al., 2008) . We found that, in the absence of Rac2 but not Rac1 the levels of Rap1-GTP were compromised, and there were severe actin-polymerisation defects, suggesting a mechanism by which Rac2 mediates its cellular effects (Arana et al., 2008) .
Rap has been shown to have a crucial role in the activation of integrin-mediated B-cell adhesion (McLeod et al., 2004) and in the response of B cells to particulate antigens (Lin et al., 2008) . It has been suggested that Rap-GTP promotes the polymerisation of actin and, correspondingly, blocking the activation of Rap reduces the chemokine-induced increase in total F-actin (McLeod et al., 2004) . A number of potential effectors for Rap have been identified, including the adaptor protein regulator for cell adhesion and polarization enriched in lymphoid tissue (RASF5; also known as RAPL, Nore1) (Katagiri et al., 2003) , the Rap1-GTP-interacting adaptor molecule (RIAM) (Lafuente et al., 2004) and the tyrosine kinase Pyk2 (McLeod et al., 2004) . One mechanism by which Rap1 might mediate reorganisation of the cytoskeleton is through the recruitment of Tiam1 and Vav2, which are activators of Cdc42 and Rac2, respectively (Arthur et al., 2004) . Alternatively it has been demonstrated that Rap1 induces the formation of an 'integrinactivation complex' that functions to activate the cytoplasmic domains of integrin β-chains contains RIAM and the cytoskeleton protein talin (Han et al., 2006) . However, the precise mechanism by which Rap regulates cytoskeleton reorganisation and LFA-1 activation remains unclear.
Inside-out activation of VLA-4
The interaction of VLA-4 and its ligands has a major role in B-cell development and function. It has been well-documented that VLA-4 functions to mediate B-cell migration and localisation to peripheral lymph nodes (Lo et al., 2003; Lu and Cyster, 2002) ; however, it has recently become apparent that VLA-4 is also involved in antigen-specific B-cell differentiation (Spaargaren et al., 2003; de Gorter et al., 2007) . Indeed, VLA-4 facilitates B-cell activation following the recognition of an antigen that is presented in target membranes that contain VCAM1 (Carrasco and Batista, 2006b ). VCAM1, the major ligand for VLA-4, is highly expressed on the surface of follicular dendritic cells and, as such, it has been proposed that VLA-4 acts not only as an initial tether for the B cell to allow antigen recognition by the BCR, but also in signalling synergistically with the BCR to promote tight adhesion and enhance B-cell activation.
Several intracellular effectors within the B cell have been implicated in mediating the inside-out activation of VLA-4 (which is expressed on the B-cell surface), resulting in increased VLA-4-mediated adhesion to VCAM1 and fibronectin (Spaargaren et al., 2003) (Fig. 1A) . This study showed that the process of inside-out activation of VLA-4 requires the activity of the Src-family kinases and PI3K in a manner similar to that identified for LFA-1 (Arana et al., 2008) . In addition, VLA-4 activation also requires the consecutive activation of Bruton tyrosine kinase (BTK), phospholipase Cγ 2 (PLCγ 2), IP 3 -receptor-mediated Ca 2+ release and protein kinase C (PKC) to mediate B-cell adhesion. Using a combination of FACS to determine the binding affinity of VLA-4 for soluble VCAM1, and confocal microscopy to visualise the distribution of molecules within the membrane, it was established that integrin activation occurs through clustering of VLA-4, as a result of cytoskeleton reorganisation (Spaargaren et al., 2003) . It was postulated that this reorganisation is mediated by the Ca 2+ -induced activation of the calpain proteases. In such a mechanism, calpains cleave actin-associated cytoskeleton proteins, causing the release of VLA-4 from cytoskeleton constraints and allowing its movement to stabilised membrane rafts to permit integrin clustering. The involvement of BTK in the pathway of inside-out activation of VLA-4 was of particular significance, given that the B-cell immunodeficiency disease X-linked agammaglobulinaemia (XLA) results from loss-of-function germline mutations in the BTK gene (Nomura et al., 2000) . Such a finding underlines the importance of the identified pathway during the development of B-cell-mediated immune responses in vivo.
Differential inside-out regulation of VLA-4 and LFA-1 From the molecular dissections detailed above, it is apparent that, whereas the activation pathways of LFA-1 and VLA-4 have a number of common signalling molecules downstream of the BCR (such as Src-family kinases and PI3K), distinct signalling pathways are employed in the inside-out activation of different integrins. The use of diverse pathways in the activation of various integrins would allow them to be subject to different spatiotemporal dynamic regulation and thereby support different functions during antigen recognition. Initial observations that compared the localisation of VLA-4 and LFA-1 within the IS following stimulation with membrane-bound antigen support this possibility. LFA-1 was found to be excluded from the antigen-BCR-containing cSMAC and to occupy the pSMAC, which corresponds to the classic description of the IS (Carrasco et al., 2004) . A subsequent investigation of the role of VLA-4 within the B-cell IS showed that VLA-4, which was visualised using planar bilayers that contained fluorescently labelled GPI-linked VCAM1, is found within the cSMAC (Carrasco and Batista, 2006b). However, it is worth noting that, in the molecular context of an APC, VCAM1 was retained in the B-cell pSMAC in a mechanism that is dependent on its transmembrane domains. In agreement with these observations it has been demonstrated that, in the presence of antibodies that prevent its interaction with VCAM1, VLA-4 localises to the cSMAC in CD4 + T cells (Mittelbrunn et al., 2004) . The observed differential localisation within the IS following stimulation of the BCR suggests that the various integrins can mediate different interactions with the underlying cell cytoskeleton (Carrasco and Batista, 2006b) .
It has been proposed that LFA-1 is retained within the pSMAC of the IS through its interaction with the cytoskeletal protein talin, which has been shown to be enriched in the pSMAC (Kim et al., 2003; Monks et al., 1998) , whereas VLA-4 presumably exhibits an inverse pattern of interactions with components of the cytoskeleton (Carrasco and Batista, 2006b ). In addition, it has been reported that the various α-and β-chains of integrins, indeed, recruit different intracellular adaptor and effector molecules, including some that are involved in the organisation of the cytoskeleton (Ginsberg et al., 2005) . The adaptor protein paxillin, for example, has been shown to associate with α4 integrins, such as VLA-4, and can thereby function to regulate the spatial coordination of Rac activity (Barreiro et al., 2007; Rose et al., 2007) . The observed differences in localisation of LFA-1 and VLA-4 would suggest that the levels of their activation are subject to regulation by different underlying molecular mechanisms. In line with this suggestion, we have observed that Rac2 is not required for VLA-4-mediated B-cell adhesion, although it is absolutely required for the inside-out activation of LFA-1 (Anne Vehlow and F.D.B., unpublished data). Differential control of integrin activation in the context of antigen recognition by B cells allows different integrins to perform distinct, possibly sequential, functions in response to BCR stimulation (Carrasco and Batista, 2006b). Thus, such mechanisms offer B cells greater functional diversity in terms of fine-tuning their responses to a wide range of conditions and antigens.
Towards a cellular mechanism to describe inside-out integrin activation in B cells
In light of the recent experimental data that have been collected, we propose the following mechanism to describe the regulation of Journal of Cell Science 121 (14) Fig. 2 . Cellular mechanism for the inside-out activation of integrins. Following BCR stimulation with antigen on the surface of an APC, BCR-antigen microclusters form throughout the area of contact. These microclusters act as the sites for microsignalosome assembly and recruit molecules such as Syk, Vav, CD19, PLCγ2 and PI3K (D. Depoil and F.D.B., unpublished data). We propose that these microsignalosomes provide a favourable environment for the activation of small GTPases such as Rac2 (shown in grey), which in turn mediate reorganisation of the cytoskeleton and activation of integrin-mediated B-cell adhesion. Enhanced adhesion and signalling through the BCR allow for propagation of the B-cell spreading response. We suggest that microsignalosomes are transported from the periphery to the cSMAC by centripetal retrograde actin flow in a manner similar to that recently observed in T cells (Kaizuka et al., 2007) . The presence of activated integrins during spreading promotes B-cell adhesion, which stimulates the generation of further microsignalosomes and ultimately facilitates the activation of B cells.
integrin activity during the process of antigen recognition and activation of B cells. It has recently been established that, within the B-cell IS, multiple discrete antigen-BCR microclusters are generated throughout the pSMAC and these represent the sites of active signalling (Depoil et al., 2008) . This observation is in contrast to the original assignment of the cSMAC as the site of signalling, but is in agreement with observations in T cells (Bunnell et al., 2002; Campi et al., 2005; Varma et al., 2006; Yokosuka et al., 2005) . These antigen-BCR microclusters act as the sites of assembly of multiple BCR microsignalosomes in response to membrane-bound antigen recognition (Fig. 2) . We have observed the recruitment of the GEF Vav to BCR microclusters within the pSMAC following stimulation with membrane-bound antigen . It would be expected that this recruitment of Vav mediates the subsequent localisation of Rac2, and we have demonstrated that Rac2 is, indeed, found in the pSMAC (E.A. and F.D.B., unpublished observations). We postulate that Rac2, but not Rac1, transiently associates with the microsignalosomes as they transit to the cSMAC (Fig. 2) . Rac2 might then function to mediate the cytoskeleton rearrangements that are necessary to provide an organised, favourable environment for the coordinated activation of cellular effectors (Arthur et al., 2004; Bos, 2005) . In support of this suggestion it has also been reported that the correct spatiotemporal coordination of Rap1 activity is important in integrin-mediated adhesion in T cells (Kliche et al., 2006) . A more detailed investigation of the spatiotemporal regulation of the various components of the activation pathway, using high-resolution imaging techniques such as total internal reflection microscopy (TIRFM), will prove invaluable in the dissection of the precise mechanism of integrin activation.
The inside-out activation of integrins such as LFA-1 and VLA-4 allows for tighter B-cell adhesion and synergy with BCR signalling which, together with outside-in integrin activation, allow for the propagation of the B-cell spreading response. It has already been observed that the spreading response allows for the accumulation of greater amounts of antigen within the cSMAC of the IS (Fleire et al., 2006) . Thus, it is our view that during B-cell spreading, integrins promote adhesion and the generation of a greater number of microsignalosomes, thereby facilitating B-cell activation.
One recent study has offered valuable insight into the dynamic coordination of the events prior to IS formation in the Jurkat T-cell line (Kaizuka et al., 2007) . In this system, discrete microclusters of T-cell receptors (TCRs) and LFA-1 that are characterised by different associations with the underlying actin cytoskeleton were observed. Following their generation in the cell periphery, these microclusters were transported with different efficiencies by centripetal reterograde actin flow -the TCR microclusters to the cSMAC and the LFA-1 microclusters to the pSMAC. We expect a similar mechanism of microcluster transit, which is dependent on the interactions with components of the cytoskeleton, might operate during formation of the IS in B cells (Fig. 2) .
Differences in inside-out activation of integrins in B and T cells
In view of the recent investigations of inside-out activation of VLA-4 and LFA-1 it is clear that, in spite of general similarities in the underlying mechanisms of these processes in lymphocytes, several important differences occur in B and T cells in terms of the composition of molecular adaptors and intracellular signalling molecules that are recruited to the signalosome (Fig. 3) . However, it is worth noting that, as integrins can be activated through alteration of their conformation and/or distribution on the cell surface, integrin activation can be measured using a variety of experimental approaches. For example, the alteration of integrin conformation can be examined by its capacity to bind soluble ligand or conformation-dependent antibodies, or alternatively, the location of integrin on the cell surface can be examined by highresolution imaging. A number of discrepancies have arisen in the literature as to the importance of particular molecules in the activation of integrins in T cells as a consequence of the variety of experimental methods used to quantify integrin activation. Thus, the precise manner by which integrin activation is assessed must be considered during any comparison of these processes in lymphocytes.
Molecular adaptors
Differential requirements for adaptors that are present within the signalosome have been reported following the initial tyrosine kinase activation of the immunoreceptor (Fig. 3) . As detailed earlier, PLCγ 2 is required for the inside-out activation of VLA-4 in B cells Molecules that have been demonstrated to be localised within the microsignalosome by high-resolution imaging are shown (blue), as well as those that have been implicated to be important by biochemical analysis (green). The Src-family kinases (Lyn and Lck) are not strictly considered to be part of the microsignalosome because they are localised to the membrane prior to antigenic stimulation; however, they are crucial for microsignalosome formation. (Spaargaren et al., 2003) . Interestingly, PLCγ1 has previously been implicated in the inside-out activation of integrins in T cells (Katagiri et al., 2004) ; however, this requires its recruitment to the signalosome, which is dependent on the activities of two adaptor proteins: linker for activation of T cells family member 1 (LAT) and lymphocyte cytosolic protein 2 (LCP2, also known and hereafter referred to as SLP-76) (reviewed by Bezman and Koretzky, 2007) . As mature B cells do not express LAT or SLP-76 (Fu and Chan, 1997; Zhang et al., 1998) , they must use an alternative adaptor(s) for the recruitment of PLCγ 2 to the signalosome.
One such adaptor, the B-cell linker (BLNK), has been established as having an important role in the activation of PLCγ 2 in B cells (Chiu et al., 2002; Fu et al., 1998; Hashimoto et al., 1999; Ishiai et al., 1999) . BLNK might be recruited directly to the BCR complex, and from there mediate the recruitment of PLCγ 2 (Engels et al., 2001; Kabak et al., 2002) . It has proved difficult to assess the role of BLNK in the inside-out activation of integrins as a deficiency of BLNK severely impacts the development of the mature B-cell compartment (Xu et al., 2000) . However, we have recently observed that BLNK is required for the recruitment of PLCγ 2 during the initiation of the B-cell spreading response . In addition, it has been suggested that linker for activation of T cells family member 2 (LAT2; also known as NTAL or LAB) performs a similar function in B cells as LAT in T cells (Brdicka et al., 2002; Janssen et al., 2003) . However, LAT2 does not associate with PLCγ 2 and cannot, therefore, alone mediate its recruitment to the signalosome.
We have recently established an unexpected and essential role for the co-receptor CD19 in the activation of B cells by membranebound antigens (Depoil et al., 2008) . As CD19 was found to immunoprecipitate with various intracellular signalling molecules, including PLCγ 2 and Vav (Brooks et al., 2004) , we postulate that CD19 functions as a 'LAT-like' adaptor that recruits signalling molecules to the B-cell signalosome following stimulation with membrane-bound antigen . However, the identification of the particular adaptor(s) that is used to recruit PLCγ 2 during inside-out activation of VLA-4 remains a challenge to be addressed in the future, potentially through the generation of conditional knockouts of various candidate proteins.
An additional cytosolic adaptor protein that functions downstream of SLP-76, and is required for the inside-out activation of β1-and β2-integrin-mediated adhesion in T cells has been identified (Griffiths et al., 2001; Peterson et al., 2001 ). This protein was named adhesion-and degranulation-promoting adaptor protein (ADAP) and has been demonstrated to bind to and form a functional unit with the T-cell-specific adaptor SKAP1 (also known as SKAP55) following stimulation of the TCR (Liu et al., 1998; Marie-Cardine et al., 1997) . Although the ADAP-SKAP1 module has been found to be crucial for optimal activation of integrin-mediated T-cell adhesion (Kliche et al., 2006) , it has been shown that mature B cells do not express either component of this complex (da Silva et al., 1997; Dluzniewska et al., 2007; Marie-Cardine et al., 1997; Musci et al., 1997) . Instead, B-cell adhesion is dependent on the adaptor protein SKAP2 (also known as SKAP-HOM), such that in the absence of SKAP2, adhesion to both fibronectin and ICAM1 is substantially reduced (Togni et al., 2005) . However, the requirement for and identity of any additional B-cell adaptor molecule (which would be equivalent to ADAP in T cells) that is required for SKAP2 function remains to be determined.
Intracellular signalling
As well as differences in adaptors, differences in intracellular signalling molecules that are recruited to and activated at the signalosome have been observed. For example, although the p110δ subunit of PI3K is required for LFA-1-mediated B-cell adhesion (Arana et al., 2008) , β2-integrin-mediated T-cell adhesion is not impaired in the absence of this subunit (Okkenhaug et al., 2002) . Alongside the observed differences in the composition of the signalosome, which is assembled following antigen stimulation in lymphocytes, it has been demonstrated that distinct pathways can control immunoreceptor and integrin clustering in T cells. Notably, clustering of the TCR requires both Vav1 and Wiskott-Aldrich syndrome protein (WASP), whereas clustering of LFA-1 following TCR stimulation requires Vav1 but not WASP (Krawczyk et al., 2002) . However, such distinct pathways have not yet been identified in B cells and represent a potentially significant difference in the mechanism of inside-out integrin activation that is used by lymphocytes. We anticipate that more detailed investigations of the activation of integrins in B cells in response to membrane-bound antigens will identify further differences in the mechanisms of these processes in lymphocytes.
Conclusions and Perspectives
It can be clearly seen that the inside-out activation of integrins in response to stimulation through the BCR requires extensive spatiotemporal coordination of numerous intracellular signalling molecules and adaptors. The importance of integrin activation can be appreciated when it is considered that membrane-bound antigens represent the major route for encountering B-cell antigen in vivo, and often these antigens are both scarce and low in affinity during the development of the B-cell response (Batista and Neuberger, 1998; Batista and Neuberger, 2000) .
Recent investigations have concerned the characterisation of intracellular signalling pathways, and have identified a key role for small GTPases such as Rac2 and Rap (Arana et al., 2008; Lin et al., 2008) . Such molecules have the capacity to act as the links between extracellular signals and cytoskeleton reorganisation, allowing for the activation of integrins and subsequent activation of B cells. Numerous challenges remain before a complete description of the mechanism of integrin activation and its role in the process of B-cell activation can be formulated. These challenges include: the identification of additional adaptor proteins that are involved in maintaining the integrity of the BCR signalosome, the investigation of the role of other RhoGTPases such as Cdc42 and Rho in the process of inside-out integrin activation, and the visualisation of the dynamic recruitment of constituents of the signalosome to signalling microclusters at high resolution using techniques such as TIRFM.
The combination of these and other investigations would be expected to yield insight into the role of integrins in the development of the immune response and, thus, offer pharmaceutically relevant information to treat and prevent autoimmune and infectious diseases as well as cancer.
